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Radiation Or Drug Delivery Source With Activity Gradient 
To Minimize Edge Effects 



Field Of The Invention 
[001] This invention relates generally to radiation and drug delivery to treat 

vascular lesions and, more particularly, to vascular delivery sources such as stents, 
source wires or catheters having radiation activity or drug concentration gradients. 

Background Of The Invention 
[002] The use of radiation delivery sources such as stents or source wires to 

treat vascular lesions is well known in the medical field. The enhanced sensitivity of 
active, proliferating cells to the lethal effects of ionizing radiation prevents neointimal 
proliferation, vessel contraction and hyperplasia associated with restenosis following 
balloon dilatation procedures. 

[003] Unfortunately, vascular brachytherapy has a common side effect 

associated particularly with radioactive stents known as the candy-wrapper effect or 
edge effect, whereby tissue proliferation occurs at the extremes of the irradiated region. 
Vessel injury due to balloon or stent expansion and the rapid transition from radiated to 
non-radiated treatment regions are factors that may contribute to or cause the edge 
effect. It is believed that the edge effect is more severe in the presence of increased 
vessel injury manifested in forms such as barotraumas, expansion strains and 
endothelial cell denudation. 

[004] Porcine animal studies in which half-radioactive stents (radioactive only 

over half of their longitudinal length) were implanted in coronary arteries showed two 
regions of cell proliferation. Tissue proliferation was greatest in the center of the stent 
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where the radioactivity of the stent went from a nominal value to a non-radioactive 
value. This type of transition also existed at the end of the radioactive portion of the 
stent, which also exhibited cell proliferation. 

[005] Thus, it is believed that the principal cause of the edge effect may be the 

occurrence of a sudden drop from high to low or zero radiation dose. Radiation 
delivered to a vessel, either affected or unaffected with lesions, may be interpreted as 
causing injury, which forces the vessel to heal. Cell proliferation and restenosis are 
forms of healing. Greater injury may result in greater healing responses, including cell 
proliferation, but increasing radiation dosage above a certain threshold may prevent 
such vessel healing and cell proliferation. 

[006] For example, a radiation delivery source such as a stent delivers 

radiation at a treatment level high enough to prevent cell proliferation. At the ends of 
the stent however, a short transition from a high to a low or no radiation-treated area 
creates a proximity of high radiation-treated and low or zero radiation-treated cells. 
Because cells react to injury to surrounding tissue, healthy tissue near the radiation- 
treated tissue reacts with unwanted cell growth. The low or zero radiation-treated 
tissue experiences minimal injury, but responds to the injury of the adjacent high 
radiation-treated tissue. In essence, there is not enough of a radiation dose delivered 
near the stent ends to prevent cell proliferation to surrounding tissue. Cell proliferation 
and restenosis may be stimulated by radiation injury to the nearby high radiation tissue 
even though the radiation is used initially to inhibit cell proliferation and restenosis to 
the lesion area. 

[007] Anti-proliferative drugs used to treat vascular lesions may also result in 

unwanted side effects comparable to radiation therapy. In addition to restenosis 
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forming at the extremes of the treated region, healing and regeneration of the 
endothelial layer lining the cell wall may be delayed. For example, drugs selected for 
delivery by stents are often very toxic and potent, killing endothelial cells in the 
process. Endothelial cells are essential to maintain vascular homeostasis of the vessel 
[008] Thus, what is needed is a radiation delivery apparatus and method that 

minimize or prevent cell proliferation at the ends of a radiation delivery source or 
radioactive region. A radioactivity gradient at the ends of a delivery source or region 
would increase the dose transition length from high to low or zero radiation. 
Consequently, cell proliferation from nearby tissue would be minimized or prevented. 
Similarly, drug gradients on drug delivery sources would prevent cell proliferation or 
minimize toxic effect of drugs at the ends of the delivery source and allow for a 
gradual, controlled healing to occur and progress into the center of the device. 
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Summary Of The Invention 
[009] Disclosed are embodiments of an apparatus and methods of making an 

apparatus including an elongated source of a therapeutic agent to deliver a dose of the 
therapeutic agent to a vessel. The source has a gradient of therapeutic agent 
concentrations near a proximal end and a distal end of the elongated source. 
[010] In one embodiment, an elongated radiation delivery source has a 

radioactive region. In another embodiment, an elongated drug delivery source has a 
drug region. The radioactive region or the drug region has a proximal end and a distal 
end. A therapeutic radioactivity level or drug concentration level exists between the 
proximal end and the distal end of the radioactive or drug region. The radioactive or 
drug region also has gradients near the proximal end and the distal end. The 
radioactivity or drug concentration gradients have radioactivity or drug concentrations 
transitioning from a therapeutic level to a non-therapeutic level. The corresponding 
dose to the treated area will not effectuate a sharp drop-off from therapeutic radiation 
exposure to no radiation or drug concentration exposure, thought to be a cause of the 
candy wrapper or edge effect. 
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Brief Description Of The Drawings 



[Oil] The present invention is illustrated by way of example, and not 

limitation, in the figures of the accompanying drawings in which: 

[012] Figure 1 is a side view of one embodiment of the present invention in 

which a radiation delivery source in the form of a stent has radioactivity gradients near 
the stent ends; 

[013] Figure 2 is a cross-sectional, side view of one embodiment of the 

present invention in which a radiation delivery source in the form of a source wire has 
radioactivity gradients near the ends of the radioactive region of the source wire; 

[014] Figure 3 is a graphical representation of typical radioactivity and 

radiation dose profiles of a radiation delivery source; 

[015] Figure 4 is a graphical representation of an exemplary radiation dose 

profile of one embodiment of a radiation delivery source; 

[016] Figure 5 is a graphical representation of an exemplary radiation dose 

profile of one embodiment of a radiation delivery source; 

[017] Figure 6 is a graphical representation of an exemplary radiation dose 

profile of one embodiment of a radiation delivery source; 
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[018] Figure 7 is a side view of a radiation delivery source in the form of a 

stent expanded by a balloon having Short Transitional Edge Protection (STEP™) 
technology; 

[019] Figure 8 is a cross-sectional, side view of one embodiment of the 

present invention in which a drug delivery source in the form of a drug-eluting balloon 
catheter has pores to release gradients of drug concentrations; 

[020] Figure 9 is a side view of one embodiment of the present invention in 

which a drug delivery source in the form of a drug-eluting balloon catheter has fewer 
pores near the ends of the balloon to create concentration gradients; 

[021] Figure 10 is a side view of one embodiment of the present invention in 

which a drug delivery source in the form of a drug-eluting balloon catheter has smaller 
pores near the ends of the balloon to create concentration gradients; and 

[022] FIGURE 11 is a side view of one embodiment of the present invention in 

which a drug delivery source in the form of a stent has indentations to accommodate a 
drug. 
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Detailed Description 
[023] Embodiments of intravascular radiation or drug delivery sources 

described below have longitudinal radiation or drug concentration gradients to 
minimize or to prevent proliferation of cells at the ends of the radiation or drug delivery 
source, commonly known as edge effect or candy wrapper. Cell proliferation response 
is believed to be caused by a very short transition area of high radiation or drug dose, 
corresponding to the therapeutic radioactivity or drug concentration level necessary to 
treat a lesion, to low or zero radiation or drug dose at the ends of a radiation or drug 
delivery source. By gradually decreasing radiation dose or drug dose levels by 
gradually reducing the radioactivity or drug concentration near the delivery source 
ends, the edge effect may be minimized or prevented altogether. 
[024] In one embodiment, a radiation delivery source has an identifiable 

radioactive region. The radioactive region has at least two radioactivity levels. The 
radioactive region has radioactivity gradients near the proximal end and distal end of 
the radiation delivery source. The gradients have radioactivity transitioning from a 
therapeutic radioactivity level to a non-therapeutic radioactivity level that corresponds 
to a radiation dose gradient absorbed by the vessel wall during treatment. The radiation 
delivery source may be any type known in the art including but not limited to stents, 
source wires and catheters. Methods for activating radiation delivery sources known in 
the art include but are not limited to ion beam implantation and plasma ion coating. 
[025] Turning now to the figures, Figure 1 shows a side view of an 

embodiment of the present invention. The radiation delivery source shown in Figure 
1 is exemplified in the form of an intravascular stent. Any variety of radioactive stent 
configurations, including but not limited to interconnected, self-expandable or balloon- 
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expandable, cylindrical elements or slotted tube-type designs may be delivered by 
practicing the invention. In FIGURE 1, cylindrical stent 100 has a radioactivity region 
with two radioactivity levels. Central region 102 has a first radioactivity level for 
therapeutic purposes, such as treating a lesion in a vessel. One of the features of stent 
100 is that radioactivity transitions from a therapeutic level to a non-therapeutic level 
within the radioactive region. The transition involves a gradient of decreasing 
radioactivity from the first radioactivity level that begins at a point near end regions 
104. The gradients continue longitudinally towards the ends of stent 100 to achieve a 
second, non-therapeutic radioactivity level. The second radioactivity level is generally 
less than the first radioactivity level of central region 102. The radioactivity gradients 
prevent the treated vessel from experiencing a short, sudden change from high radiation 
dose to no dose at the stent ends. 

[026] Figure 2 shows a cross-sectional, side view of another embodiment of 

the present invention. The exemplary radiation delivery source in Figure 2 includes 
radioactive source wire 210 enclosed in catheter 200. Any variety of radiation source 
wire configurations may be utilized by practicing the invention. In this embodiment, 
radiation source wire 210 includes non-radioactive region 220 and radioactive region 
230. Radioactive region 230 is typically at or near the distal end of source wire 210. 
Central region 234 on radioactive region 230 has a first, therapeutic radioactivity level 
for treating a lesion in a vessel. A gradient of decreasing radioactivity from the 
therapeutic radioactivity level begins at points near proximal end region 232 and distal 
end region 236. The radioactivity gradients continue longitudinally towards both ends 
of radioactive region 230 to achieve a second, non-therapeutic radioactivity level. The 
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non-therapeutic radioactivity level is generally less than the therapeutic radioactivity 
level of central region 234. 

[027] Figure 3 shows a graphical representation of one example of a 

radiation dose profile that a radiated vessel experiences as the activity drops off at the 
ends of the radiation delivery source. A stent is the radiation source for purposes of 
explanation of Figure 3. Left vertical axis 310 represents stent radioactivity and right 
vertical axis 320 represents the radiation dose from the stent to the treated vessel. 
Horizontal axis 330 represents the longitudinal length of the stent. Line segment 340 
labeled "stent body" between the points labeled "stent end" represents the actual length 
of the stent on horizontal axis 330. As shown, the stent has a constant level of 
radioactivity 350 along its entire length, and the corresponding dose level 360 to the 
treated vessel is also steady throughout most of the length of the stent. Dose level 360 
drops rapidly to zero near the stent ends. This rapid decrease in radiation dose is 
thought to cause the counter-therapeutic edge effect in a treated vessel. 
[028] FIGURE 4 shows a graphical representation of an exemplary radiation 

dose profile corresponding to a radiation delivery source in one embodiment of the 
present invention. Left vertical axis 410 represents radiation delivery source 
radioactivity and right vertical axis 420 represents radiation dose from the delivery 
source to the treated vessel. Horizontal axis 430 represents the longitudinal length of 
the delivery source, for example, a stent. Compared to the typical dose profile 
exemplified in FIGURE 3, FIGURE 4 differs primarily in that the radiation dose profile 
460 gradually transitions to no dose delivered to a vessel near ends 443 and 444 of 
radiation delivery source 440. This decrease in radiation dose profile 460 results from 
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radioactivity gradients 452 and 453 near delivery source ends 443 and 444 as shown by 
radioactivity profile 450. 

[029] In this embodiment, radiation delivery source 440 has two radioactivity 

levels as shown by radioactivity profile 450.. The first radioactivity level corresponds 
to a therapeutic level of radiation and is typically localized near the central portion of 
delivery source 440. The therapeutic level may be the amount of radiation required to 
treat vessel wall. For example, the effective treatment of lesions on a vessel wall may 
require a minimum threshold level of radiation. 

[030] As the therapeutic radioactivity level reaches ends 443 and 444 of 

radiation delivery source 440, the radioactivity level gradually declines to a second, 
non-therapeutic radioactivity level in which no radiation is emitted near delivery source 
ends 443 and 444. The gradual decline in radioactivity over at least a portion of the 
longitudinal length of the delivery source 440 are gradients 452 and 453. Dashed line 
segment 442 shows that radioactivity gradient 452 terminates near ends 443 and 444 of 
delivery source 440. Radioactivity is not at the therapeutic level near ends 443 and 444 
of delivery source 440. Consequently, radiation dose profile 460 shows the dose to the 
vessel gradually declining near delivery source ends 443 and 444. 
[031] Although the graphical profile in Figure 4 suggests a constant decrease 

in radiation dose toward delivery source ends, the rate may vary according to how the 
delivery source is activated. For example, in another embodiment of the present 
invention, the delivery source may be activated such that the radiation level decreases 
at an exponential rate rather than at a constant rate (not shown). 
[032] Figure 5 shows a graphical representation of an exemplary radiation 

dose profile of another embodiment of a radiation delivery source. Left vertical axis 
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510 represents radiation delivery source radioactivity and right vertical axis 520 
represents radiation dose from the delivery source to the treated vessel. Horizontal axis 
530 represents the longitudinal length of the delivery source. Radioactivity profile 550 
shows radioactivity gradients 552 and 553 formed as a series of declining radioactivity 
steps from a therapeutic level localized near the central portion of delivery source 540. 
Gradients 552 and 553 have incremental segments of uniform radioactivity that 
decreases towards the ends of the delivery source to a non-therapeutic level. Dashed 
line segment 542 shows that radioactivity gradients 552 and 553 near delivery source 
ends 543 and 544. The corresponding dose profile 560 generally follows radioactivity 
profile 550, in which the radiation dose gradually declines near delivery source ends 
543 and 544 as a result of radioactivity gradients 552 and 553. The treated vessel 
experiences a gradual transition from radiation dose to no dose. This decreasing dosage 
effect prevents or inhibits excessive cell proliferation at the delivery source ends. 
[033] A gradual decrease in activity level in the form of a gradient that starts 

before the end of the delivery source allows for a transition from radiation treatment to 
non-treatment areas. The maximum radiation dose is typically localized at the center 
portion of the radiation delivery source. 

[034] Figure 6 shows another graphical representation of an exemplary 

radiation dose profile of one embodiment of a radiation delivery source. This 
embodiment also shows radiation dose profile 660 resulting from radiation delivery 
source 640 having radioactivity gradients 652 and 653. Left vertical axis 610 
represents radiation delivery source radioactivity and right vertical axis 620 represents 
radiation dose from the delivery source to the treated vessel. Horizontal axis 630 
represents the longitudinal length of the delivery source. 
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[035] In this embodiment, radioactive region 680 on delivery source 640 does 

not cover the entire longitudinal length of delivery source 640. A uniform radioactivity 
level is localized at the center of delivery source 640. This level is the therapeutic 
radioactivity level 650 for treating a lesion in a vessel. The therapeutic activity level 
transitions before ends 641 and 642 of delivery source 640, decreasing to non- 
therapeutic radioactivity levels 654 and 655. In this embodiment, non-therapeutic 
radioactivity levels are zero. In another embodiment, the non-therapeutic radioactivity 
levels may be close to zero. Radioactivity gradients 652 and 653 terminate short of 
delivery source ends 641 and 642. In this embodiment, radioactivity gradients 
combined with zero radioactivity levels before or near the stent ends may minimize or 
prevent the candy-wrapper effect. This embodiment presents an alternative gradient of 
dosage transitioning from a therapeutic level to a non-therapeutic level to inhibit cell 
proliferation near the stent ends. 

[036] There are many sources for delivering radiation to tissue including, but 

not limited to, balloon-expandable stents, self-expandable stents, balloon catheters, 
source wires, guidewires and catheters. Activating the delivery source with radioactive 
isotopes may depend on the type of treatment desired, but beta and gamma emitting 
isotopes are typically used. Radiation from a beta-emitting radioisotope diminishes 
rapidly with distance from the source thereby delivering minimal energy at more than 
two millimeters. A gamma-emitting isotope may provide greater penetration and may 
improve dose homogeneity. Examples of gamma-emitting isotopes that may be utilized 
for the present invention include Cesium 137 (137Cs), Palladium 103 (103Pd), Iridium 
192 (192Ir) and Ruthenium 106 (106Ru). Examples of beta-emitting isotopes include 
Phosphorous 32 (32P), Yttrium 90 (90Y), and Vanadium 48 (48V). The appropriate 
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activity level for treatment may be measured by the corresponding dose levels 
associated with the particular isotope. Radiation doses for treatment are typically 
referenced as the cumulative dosage up to two millimeter tissue depth after 30 days. 
Accordingly, activity levels may vary with isotopes. 

[037] Alternatively, a combination of isotopes may be used to activate a 

delivery source. In some cases, two or more types of beta or gamma emitting isotopes, 
or a combination of beta and gamma emitting isotopes may be used to activate a 
radiation delivery source. For example, an activated stent may have gamma isotopes at 
the center and a gradient of beta isotopes at the ends. 

[038] Radioactivity levels typically may vary according to isotope or isotopes 

used, time of exposure, configuration of delivery source, type of delivery source, and 
lesion depth. Because the radiation dose received by a vascular lesion may be the 
controlling factor, radioactivity levels are calculated to meet the desired dose. The 
therapeutic treatment dose may be up to 60 Gray, with a preferable dose range of 3 to 
30 Gray at a tissue depth of up to approximately 2 millimeters. The dose time may be a . 
few minutes for a source wire and several weeks for a stent. For example, the 
radioactivity for a phosphorous 32 stent from the time of vascular placement, with a 
total radiation dose delivered over the lifetime of radioactivity, would be approximately 
0.3 to 2.0 micro-Curie per millimeter of stent length. A phosphorous 32 source wire, 
with a total radiation dose delivered over minutes, would have a radioactivity of 
approximately 10 to 200 milli-Curie. 

[039] Delivery source activation may be accomplished through various 

techniques known in the art, including masking and selective activation, modified to 
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achieve a radioactivity gradient. Ion beam implantation and plasma ion implantation 
are examples of selective ion processes. 

[040] In ion beam implantation, an isotope is first converted into a gas. The 

gaseous isotope is ionized and injected into an ion beam accelerator where the ions are 
accelerated to speeds close to the speed of light. The radioactive ions are focused into a 
beam and accelerated to the target stent at energies high enough to imprint the ions to 
the delivery source surface. The high negative bias accelerates the isotope and implants 
the ions onto the exposed surfaces of the stent. For example, a stent is spun at a 
constant rate while an ion beam travels back and forth longitudinally along the surface 
of the stent. The amount of radioactive ions on the stent may depend on how long the 
beam targets a particular area of the stent. Thus, by gradually decreasing the beaming 
time near the ends of the stent, a radioactivity gradient may be achieved. 
[041] In plasma ion coating, the delivery source is placed in the ion source 

itself. High negative voltage pulses accelerate the isotope in the plasma and implants 
the ions onto the exposed surface of the delivery source. Radioactive shielding 
"masks" on the delivery source prevent covered regions from being activated with ions. 
Changing the positioning of the "masks" between implantation procedures allows for 
the creation of gradients. 

[042] In another embodiment radioactivity gradients on stent ends may be 

formed by gradually narrowing the struts near the end regions compared to wider struts 
in the central region. In doing so, there is less surface area for implanting radioactive 
isotopes near the stent ends, thereby lowering radioactivity. 

[043] The length of radiation delivery sources, whether stents or source wires 

with radioactive regions at the distal end, may vary according to the target lesion size 
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and length. For stents, the length may be selected to exceed lesion length. In this type 
of stent, the radioactivity gradients on the stent may begin at a point near or past the 
lesion ends so that the entire lesion is treated at the therapeutic dose level. The gradient 
keeps the non-lesion tissue exposed to the radiation from responding with significant 
tissue growth, although some tissue response may be expected. The gradient length 
may also vary. A longer gradient may be necessary with gamma-emitting isotopes due 
to their higher penetrating effects compared to beta-emitting isotopes. Alternatively, an 
optimum gradient length may be linked to a particular isotope irrespective of stent 
length. 

[044] Radiation delivery sources, such as stents and source wires may be made 

from a variety of materials commonly known in the art. For example, balloon- 
expandable stents may be made of stainless steel. Other metals that may be used 
include cobalt chromium, tantalum, gold, nickel titanium alloys or other similar 
composites. Comparable metals may be used to make source wires as well. 
[045] Short Transitional Edge Protection (STEP™) technology is described in 

U.S. Patent 5,470,313, issued to Crocker et al., and licensed by Advanced 
Cardiovascular Systems, Inc. of Santa Clara, California. Combining STEP™ 
technology with an activity gradient of the present invention may provide an additional 
therapeutic benefit for radioactive stent application. STEP™ technology incorporates a 
unique balloon design, which creates a step-shaped taper or shoulder at each end of the 
stent to reduce the amount of balloon material outside the stent. This optimal stent and 
balloon configuration minimizes the amount of vessel dilated by the balloon beyond the 
ends of the stent. It also enables uniform stent expansion during deployment and 
implantation. 
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[046] With balloon-expandable, radioactive stents, STEP technology may 

be used to minimize vessel injury to areas beyond the ends of the stent, because the 
STEP™ balloon may not contribute any physical injury to regions beyond the ends of 
the stent. Thus, a radioactivity gradient near the ends of the stent to minimize tissue 
damage from radiation, combined with a STEP™ balloon to minimize physical damage 
at stent ends may further reduce the likelihood of candy-wrapper or edge effect. 
[047] Figure 7 shows an embodiment of a radioactive stent with a gradient of 

the present invention mounted on a STEP™ balloon. Balloon 700, which includes 
central portion 710 that is inflatable to a generally cylindrical shape, also has at least 
one stepped shoulder portion 720 that extends longitudinally from central portion 710. 
Stepped shoulder portion or portions 720 have a frustoconical shape narrowing away 
from central portion 710. Shoulders 722 and 724 form part of stepped shoulder 
portions 720. Stepped shoulder portions 720 may further include a generally 
cylindrical sections 726 and 736 extending from the narrowest point of each 
frustoconical stepped shoulder portion 720. Stent 730 is crimped on balloon 700. Stent 
730 has edge portions 732 that are coterminous with central portion 710 of balloon 700. 
[048] Stent 730 has a radioactive region thereon. A therapeutic radioactivity 

level is localized near central portion 734 of stent 730. A gradient of decreasing 
radioactivity to a non-therapeutic radioactive level starts at a point near edge portions 
732 toward the ends of stent 730. 

[049] While radioactivity gradient embodiments have been described in 

connection with stents as radiation delivery sources, it should be noted that the present 
invention is not necessarily so limited. The benefits of utilizing radioactivity gradients 
are applicable to alternative sources of radiation delivery. Any type of radiation source, 
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such as radioactive source wires or radioactive guidewires, for example, may present 
the risk of cell proliferation at the region where healthy cells are exposed to radiation. 
[050] Drug delivery sources also may present the possibility for edge effects. 

For example, drug delivery catheters may induce edge effect responses around regions 
where healthy tissue cells in a vessel are exposed to medication. In addition, drugs 
delivered on stent platforms may be potent enough to destroy endothelial cells lining 
the vessel wall. Drug concentration gradients may minimize or prevent proliferation of 
unwanted cells at or near the treatment ends, as well as allowing endothelial cells to 
survive at the treatment ends. The surviving endothelial cells could migrate towards 
the center of the treatment area to replenish the endothelial cells. 
[051] Figure 8 shows a cross-sectional, side view of an embodiment of the 

present invention. Figure 8 shows a drug delivery source in the form of drug-eluting 
balloon catheter 800. Balloon 810 is attached near distal end 822 of catheter 820. 
Proximal end 812 of balloon 810 is attached to catheter 820, and distal end 814 is 
attached to the outer surface of inner guiding tube 830. Guiding tube 830 extends 
within catheter 820 and past distal end 822 of catheter 820. Guiding tube 830 has 
lumen 832 through which a guidewire (not shown) extends to position balloon 810 in a 
vessel. 

[052] Balloon 810 has pores 840 distributed throughout its surface. As 

pressure is applied through outer lumen 824 of catheter 820 to inflate balloon 810, a 
therapeutic drug is also released through pores 840. Pores 840 may vary in size and 
distribution to control the concentration of a drug released to a vessel. Pores 840 may 
be holes through the wall of balloon 810. Alternatively, individual micro-needles may 



Attorney Docket No. 3764P233 



18 



Guidant Disclosure No. 2515 



be inserted through holes in the balloon wall to create pores 840 (not shown). These 
and other types of pores known in the art may be substituted. 

[053] Figure 9 is a side view of another embodiment of the present invention 

for drug-eluting balloon catheter 900. Balloon 910, in an inflated state, is shown 
attached to catheter 920. Pores 940 are distributed throughout surface 912 of balloon 
910. Central portion 930 of balloon 910 has a uniform distribution of pores 940. Near 
proximal end 950 and distal end 960 of balloon 910, the distribution of pores 940 
gradually decreases such that the number of pores per unit surface area decreases to 
provide the gradient of drug concentration. 

[054] This embodiment of a drug-eluting balloon catheter shows a gradient of 

drug concentrations formed through pores 940. The number of pores 940 near central 
portion 930 is evenly distributed. Consequently, the concentration of a drug released 
through pores 940 from central portion 930 is uniform so that a vessel receives a 
concentration corresponding to a therapeutic dose level. The number of pores 940 
distributed from central portion 930 to proximal end 950 and to distal end 960 
gradually decrease so that a concentration corresponding to a non-therapeutic dose is 
received by a vessel near proximal end 950 and distal end 960. This gradual reduction 
in the number of pores 940 creates a concentration gradient as a drug is released 
through pores 940. 

[055] Figure 10 shows another variation of pores on a balloon to create a 

concentration gradient. Figure 10 is a side view of another embodiment of drug- 
eluting balloon catheter 1000. Balloon 1010, in an inflated state, is shown attached to 
catheter 1020. Again, pores 1040 are distributed throughout surface 1012 of balloon 
1010. 
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[056] In this embodiment, pores 1040 near central portion 1030 are uniformly 

sized. This allows for a uniform concentration of a drug to be released through pores 
1040. This uniform concentration may correspond to a therapeutic dose received by a 
vessel. Pores 1040 distributed from central portion 1030 to proximal end 1050 and 
distal end 1060 gradually decrease in size. This gradual reduction in pore size creates a 
concentration gradient as a drug is released from central portion 1030 to proximal end 
1050 and distal end 1060. 

[057] Drug delivery sources are not limited to drug-eluting balloon catheters. 

In one embodiment, a drug delivery source may be an intravascular stent. Figure 11 
shows a side view of a drug delivery stent having concentration gradients. Stent 1 100 
has indentations 1 110, often referred to as micro-depot indentations, formed in surface 
1 120 of struts 1 130. A laser cutting technique is preferably used to cut indentations 
1110. 

[058] Stent 1 100 has a drug delivery region thereon. Indentations 1110 

accommodate a drug to form the drug delivery region along surface 1 120 of stent 1 100. 
Central portion 1 140 on stent 1 100 has a uniform distribution of indentations to 
accommodate a uniform drug concentration to provide a therapeutic drug dose level to 
a vessel. Regions of drug concentration gradients 1 150 and 1 160, gradually decreasing 
to a non-therapeutic drug dose, start at a point inward of proximal end 1 170 and distal 
end 1180 of stent 1100. 

[059] Gradient regions 1 150 and 1 160 may be formed by gradually decreasing 

the distribution of indentations toward proximal end 1 170 and distal end 1 180 from 
central portion 1 140 of stent 1 100. In another embodiment, gradient regions 1 150 and 
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1 160 may be formed by gradually decreasing the size of the indentations toward 
proximal end 1170 and distal end 1180. 

[060] Drug delivery stents may be coated with a drug. Methods for coating 

drug delivery sources with a particular drug are well known in the art. A drug may be 
coated on a stent, for example, by dipping or spraying a drug-laced polymer on the 
stent. 

[061] In stent dipping, the stent is submersed in a drug compound that adheres 

to the stent. A series of masking steps in conjunction with the dipping process creates a 
gradient coating thickness. 

[062] In stent spraying, a drug liquid compound to be applied to the stent is 

atomized as the compound passes through a nozzle at high pressures. The stent is 
passed in front of the nozzle where the compound adheres to the stent. Spray coating 
may be performed at variable translational speeds to achieve a gradient coating 
concentration or thickness. Spray coating may also be performed using multiple drug 
mixtures through a single nozzle. The pressure for each mixture converging on the 
nozzle may be varied such that the drug concentration of the final mixture is increased 
or decreased as desired. The final concentration is controlled to coincide with the 
translation with respect to the stent in order to achieve the gradient drug concentrations. 
[063] A variety of drugs may be delivered from stent and catheters systems to 

a vessel utilizing a concentration gradient. Examples of classes of drug compounds 
include, but are not limited to, anti -inflammatory, an ti -proliferative, anti-migratory, 
inhibitors of matrix or collagen deposition, and apoptosis inducers. 
[064] While drug concentration gradient embodiments have been described in 

connection with balloon catheters and stents, one skilled in the art will appreciate that 
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the present invention is not necessarily so limited. The benefits of utilizing drug 
concentration gradients are applicable to alternative sources of drug delivery. Any type 
of drug source may present the risk of cell proliferation at the region where healthy 
cells are exposed to anti-cell proliferation drugs. 

[065] A method to make radioactive a radiation delivery source such as a stent 

or source wire having radioactivity gradients is presented. The stent or source wire is 
coated with beta, gamma, or a combination of beta and gamma emitting isotopes such 
that a radioactive region is formed. Ion beam implantation, plasma ion implantation or 
other ion implantation techniques common in the art may be used to coat the stent or 
source wire. The radiation delivery source has a therapeutic radioactivity level 
localized between the proximal end and the distal end of stent or source wire. 
Radioactivity gradients begin near the proximal end and the distal end of the delivery 
source in which the radioactivity decreases from the therapeutic radioactivity level to a 
non-therapeutic activity level. The gradient may be of variable length and rate. 
[066] A method to make a drug region including drug concentration gradients 

on an intravascular drug delivery source, such as a stent or drug-eluting balloon 
catheter, is presented. Dipping or spray coating techniques common in the art may be 
used to coat the drug delivery source. Alternatively, pores of decreasing size and 
distribution may be created on a balloon catheter to elute drugs. A therapeutic 
concentration of a drug is localized between a proximal end and a distal end of the 
delivery source. The coating techniques are modified to create drug concentration 
gradients near the proximal end and distal end of the delivery source. The gradients 
transition the drug concentration from a therapeutic concentration level to a non- 
therapeutic concentration level. For drug eluting catheters, uniformly sized pores are 
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created in a central area of the catheter. Near the proximal and distal end of the 
catheter, the pore sizes gradually decrease to reduce the amount of a drug released 
through the pores. For stents, indentations may be formed on the surface the stent to 
accommodate a drug. The distribution of indentations may be gradually decreased 
towards the ends of the stent to create concentration gradients. 
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